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Tangential contact stiffnessDigital image correlation (DIC) is a full ﬁeld three dimensional measurement technique that can quantify
displacements and strains of a surface. In this paper, digital image correlation is used as a slip measure-
ment technique during coupon scale fretting fatigue experiments. Slip measured with the novel DIC tech-
nique is compared to conventional slip measurement techniques as clip gauges and modiﬁed clip gauge
measurements proposed by Wittkowsky et al. Slip measurements with the DIC system show lower slip
values and higher tangential contact stiffness’s compared to (modiﬁed) clip gauge measurements. Slip
measured with DIC is obtained closer to the contact compared to clip gauges, eliminating the inﬂuence
of elastic deformations or ﬁtting parameters. During the fretting fatigue experiments are two equal con-
tacts simultaneously tested. However, the slip of both contacts is not identical with outliers of more than
10% difference in slip amplitude.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Fretting occurs between two surfaces clamped to each other
and which also move cyclically relative to one another. At small
global relative displacement between the surfaces, the contact
operates in mixed stick slip conditions also known as partial slip
conditions. A part of the contact surface area is locally adhered
while the remaining part of the contact is locally sliding. At large
global slip between counterpart contact surfaces, the contact is
considered to be in gross sliding condition. During gross sliding,
the entire contacting surfaces are locally sliding and show nowhere
adherence. Fretting wear usually occurs in gross sliding conditions
while fretting fatigue is more likely for the partial slip regime
(Waterhouse, 1972).
For this study we performed a fretting fatigue experiment that
operates in both partial slip and gross sliding conditions. The tran-
sition from partial slip to gross sliding regime is governed by the
sliding amplitude and can be observed in hysteresis loops of tan-
gential force vs. slip. In these loops, the transition is seen as the
abrupt stabilisation of the tangential force as a function of the slip.
Based on literature, the transition from partial slip to gross sliding
is often expressed as a function of the slip amplitude. A frequently
used value for this threshold is 15 lm given by Vingsbo
and Soderberg (1988), who measured the slip amplitude globally.Measuring the global slip amplitude is interesting to distinguish
the contact conditions. However, more accurate local slip measure-
ments lead to more accurate hysteresis loops which are useful to
accurately determine the tangential contact stiffness and the slid-
ing coefﬁcient of friction. Both are essential contact parameters for
evaluating structural integrity and vibrational response (Gaul and
Lenz, 1997; Petrov and Ewins, 2005). Measuring the sliding coefﬁ-
cient of friction is straightforward in gross sliding conditions, since
the entire contact is sliding. However, measuring the sliding coef-
ﬁcient of friction during partial slip conditions is more challenging,
since parts of the contact are not sliding and thus do not contribute
to the sliding friction coefﬁcient. In this study, the overloading
technique reported by Hills and Nowell (1994) is used to induce
gross sliding during fretting fatigue experiments.
Accurate slip measurements are also needed when the slip
amplitude is used for calculations. Frictional work calculation
(Liu et al., 2008) and energy based concept (Anton et al., 2000)
are only as reliable as the reliability of the slip measurement. In
case of fretting fatigue in dovetails e.g. the lifetime can be related
to the Ruiz fretting fatigue parameter (Ruiz et al., 1984) which is
the product of the remote slip, shear stress and tangential stress.
Slip measurements in line contacts are always performed
remote from the contact. However, the slip amplitude is highly
affected by the way in which the remote slip is measured. Conven-
tional measuring equipment such as e.g. linear variable differential
transformers (LVDT) (Ding et al., 2009), clip gauges and extensom-
eters (Wittkowsky et al., 1999) measures the slip relatively far
Nomenclature
A cross section of the specimen, mm2
a semi contact width, mm
dfat displacement fatigue force actuator, mm
dN displacement normal force actuator, mm
E elasticity modulus, GPa
Ffat fatigue force, N
FN normal force, N
FT tangential force, N
G shear modulus, GPa
l length, mm
p0 maximum pressure, MPa
R radius, mm
Ra arithmetic mean surface roughness, lm
Rr stress ratio, –
x, y, z orthonormal axes directions, –
a angular rotation, 1/N
D relative tangential displacement of the contact, mm
l coefﬁcient of friction, –
d relative displacement, mm
m Poisson coefﬁcient, –
rUTS ultimate tensile strength, MPa
ry yield stress, MPa
J. De Pauw et al. / International Journal of Solids and Structures 51 (2014) 3058–3066 3059away from the contact. These sensors overestimate the amount of
local slip in the contact, since they also measure the elastic defor-
mation of the surrounding material. Reducing the effect of elastic
deformation can be done by processing the slip measurement
and calculating the elastic deformations as proposed by
Wittkowsky et al. (1999). Novel techniques can measure closer to
the contact and consequently yield a more accurate measurement
of the slip near the contact. Techniques which have been used for
local slip measurements are digital image correlation (DIC) (Kartal
et al., 2011), differential laser interferometry (Filippi et al., 2004)
and laser nanosensors (Eriten et al., 2011).
The goal of this paper is to compare the conventional clip gauge
measurement technique with the Wittkowsky slip calculation and
the novel digital image correlation technique. The sliding coefﬁ-
cient of friction, the slip at onset of sliding and the tangential stiff-
ness of contact are determined under partial slip conditions, at
different stages in the fretting fatigue process (1; 10; 100 and
1000 cycles).2. Experimental details
2.1. Material properties and specimens
The material used for this study was aluminium alloy 2024 T3.
This is a tempered aluminium with high fatigue resistance used in
aerospace industry e.g. for fuselages. All test specimens (dogbone
and pads) were produced from the same batch of material. The
strength properties of the test material were characterised by stan-
dardized tensile tests and meet the strength speciﬁcations (ASTM,
1996) (Table 1).
The fatigue life of aluminium alloy 2024 T3 was tested and com-
pared to literature data of Ghidini and Dalle Donne (2009). The
fatigue experiments are performed at different maximum stress
levels (250, . . . ,350 MPa) with a stress ratio Rr = 0.1 and a test fre-
quency of 10 Hz. The specimens’ surface roughness Ra before test-
ing was below 0.3 lm. The fatigue experiments were performed in
ambient air. A good correlation is observed between the measured
fatigue life and literature data.
The specimens needed for a fretting fatigue experiment are a
dogbone specimen and two contact pads, see Fig. 1. The geometryTable 1
Strength properties of aluminium alloy 2024 T3.
ry [MPa] rUTS [MPa] E [GPa]
Measured 383 ± 5 506 ± 9 72.76 ± 1.12
Speciﬁcation >290 >441 –of dogbone specimen (ﬂat surface) and contact pads (cylindrical
surface with R = 50 mm) theoretically create a line contact. Sur-
face roughness was measured before testing with a stylus proﬁ-
lometer (Somicronic EMS Surfascan) at the location of contact
of the pads on the dogbone specimen. The measured surface
roughness (Ra) of both dogbone specimen and pads equalled
0.24 ± 0.04 lm.
The dogbone specimen and pads were cleaned prior to testing
with a solvent based industrial cleaner. The test was performed
in dry contact conditions.
2.2. Test set-up and experimental methods
2.2.1. Test set-up
A custom test rig was used for the fretting fatigue experiments.
The test setup is commonly used for coupon scale fretting fatigue
testing and is classiﬁed as a ‘single actuator test rig with compliant
springs’ (De Pauw et al., 2011).
A fretting ﬁxture is mounted on an ordinary servo-hydraulic
tensile test rig (ESH) as schematically shown in Fig. 2 (De
Pauw et al., 2013). The dogbone specimen (1) is clamped by
two mechanical wedge grippers. The upper gripper (2) is con-
nected to a hydraulic cylinder and load cell with a capacity
of 100 kN and can be displacement controlled (calibration
experiment) or force controlled (fretting fatigue test). The lower
gripper (3) is rigid.
The fretting ﬁxture holds the pads (4) and applies the normal
force FN and tangential force FT. The pads are mounted on an elastic
element (5), compliant in the normal force direction and stiff in the
other directions. The normal forces are applied with one 5 kN
servo-hydraulic cylinder (6) and a C-beam. The tangential force
FT between the pads and the specimen is generated by two cali-
brated leaf springs (7) and the elastic deformation of the fatigue
specimen. The tangential force depends on the fatigue force and
is proportional and in phase with this force. The leaf spring stiff-
ness can be altered in order to change the ratio of tangential force
to fatigue force. However, the stiffness of the springs was kept con-
stant for the experiment described in this paper. All the experi-
ments were performed in ambient air conditions.
2.2.2. Fretting fatigue experiment
During the fretting fatigue experiment two pads are loaded
against the side surfaces of one dogbone specimen with a constant
normal force FN of 543 N. A dynamic sinusoidal force Ffat with a
load ratio of 0.1 was applied to the dogbone specimen. In total
1000 cycles with two different frequencies and force amplitudes
are applied during the experiment. 996 cycles were performed
at a frequency of 1 Hz and a fatigue force varying between
Fig. 2. Schematic view of the test rig (left); interacting loads on the specimens (right).
Fig. 1. Fretting fatigue specimens geometry top: fretting pad; bottom: dogbone specimen.
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performed at a frequency of 0.016 Hz with a fatigue force ranging
from 1 to 10 kN (=250 MPa). Slowing down the test to 0.016 Hz
was necessary for the DIC measurement system, see paragraph
2.4. The (slow and) limited overloading of the specimen was
applied in order to ensure gross sliding conditions between the
pads and the specimen, making it possible to measure the average
sliding coefﬁcient of friction in fretted contacts (Hills and Nowell,
1994).
2.3. Measurements and data processing
Experimental data was acquired on two computers. One com-
puter (MTS ﬂextest) was used to control the servo-hydraulic test
rig and to record the mechanical data channels (load, displace-
ment); a second computer was used to control the DIC system
and to store the acquired images (see Section 2.4). The MTS ﬂextest
computer gives a trigger signal to the DIC system at the beginning
of cycle 1, 10, 100 and 1000.
For each test six variables (FN,Ffat,FT,dfat,dN,dcg) were logged
together with the time and number of cycles on the MTS ﬂextest
computer. The data was logged with a sample frequency of
1024 Hz. The normal force FN and the force of the main hydraulic
cylinder (Ffat) were measured using strain gauge based load cells.
The tangential force FT was calculated based on measurements
from strain gauges glued on the compliant springs. This custom
measurement system was calibrated prior to the experiments
and showed to be highly linear. The displacement dfat of the mainhydraulic cylinder (fatigue actuator) was measured with a built in
LVDT. The displacement dN of the small hydraulic cylinder (normal
force) was measured with a linear displacement sensor (temposon-
ic). A third displacement measurement dcg was done with a cali-
brated clip gauge remotely measuring the relative displacement
between the specimen and the pads. The clip gauge was mounted
at the side opposite to the speckle pattern (DIC). The ﬁrst measure-
ment tip of the clip gauge was attached to the dogbone specimen
at the location of the contact area. The second measurement tip
was connected to the upper part of the pad clamping system (point
C0 in Fig. 3).
The clip gauge was mounted remotely from the contact and
thus not only measured the slip in the contact but also mea-
sured the compliance of the surrounding test material. To mini-
mise the inﬂuence of the compliant surrounding material
Wittkowsky et al. (1999) proposed a calculation method which
we adapted for the present test setup. In short, all the elastic
deformations between the contact and the clip gauge measure-
ment points were included in the slip calculation. The clip gauge
measured the relative displacement between point B and C0
(Fig. 3). To calculate the slip in the contact point, one should
take into account the elastic deformations of the specimen
(dAB), the pad (dDC) and the contact (D). The slip dslip in the con-
tact point is then calculated using Eqs. (1)–(4). The value a (Eq.
(4)) was calculated according to Wittkowsky et al. (1999), Popov
(2010). Bottom line; the Wittkowsky method calculates the slip
based on the clip gauge measurement with a reduced inﬂuence
of the elastic deformations.
Fig. 3. Left: locations used for the slip calculation. Right: view of the location of the clip gauge.
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dAB ¼ FfatAE lAB ð2Þ
D ¼ 4lap0ð1 mÞ
E
FT
lFN
 
ð3Þ
dDC ¼ alDCFT ð4Þ2.4. Digital image correlation (DIC)
Today, digital image correlation (DIC) is a well know experi-
mental technique to obtain full ﬁeld 3D displacements. The tech-
nique requires subsequent digital images of a surface with a high
contrast non-uniform speckle pattern. A displacement ﬁeld can
then be calculated from the correlation of a reference surface and
a displaced and/or deformed surface. The displacement calculation
for one point is a minimisation of the sum of squared differences of
the coordinates of a small greyscale subset (35  35 pixels) corre-
sponding to the reference image and the displaced or deformed
image. The minimisation is done for every point in a certain area
of interest in order to ﬁnd the best ﬁtting displacement ﬁeld for
that area.
A speckle pattern was applied to the pads and the dogbone
specimen in the vicinity of the contact area, see Fig. 4. A high con-
trast non-uniform speckle pattern was obtained by ﬁrst painting
the surface white and then spraying the surface with black drop-
lets. The size of one black droplet is approximately 48  48 lm
so it is captured with the DIC camera as a speckle of approximately
4  4 pixels (Sutton et al., 2009).Fig. 4. Field of view oThe DIC setup at Soete Laboratory uses a commercial stand-
alone hardware and control software system (Limess Messtechnik
& Software GmbH) consisting of two 14 bit monochromatic cam-
eras with a resolution of 2452  2054 pixels (5 megapixels). The
measurement area was additionally illuminated by two spotlights
as seen on Fig. 5.
The start of a measuring sequence was given by an external
trigger from the control computer, based on the number of cycles.
During the measurement sequence, images were captured approx-
imately every second resulting in 60 images for one cycle. How-
ever, the images were not exactly captured at 1 Hz making it
impossible to directly cross-reference the images with the other
acquired data. An indirect cross-reference is created by simulta-
neously logging the DIC images and the clip gauge displacement
signal on the DIC setup. The clip gauge displacement signal is
logged by both acquisition systems and is used to cross-reference
the DIC images with the other acquired data.
Correlation of the captured digital images was done using the
commercial VIC3D software (Correlated Solutions Inc.). Further
post processing of the displacement ﬁelds was also performed in
this software package.2.5. Slip measurement with digital image correlation
The slip between the fretting pads and the fatigue specimen
was measured with two different and independent measurement
techniques: DIC and clip gauge. Each has particular advantages
and disadvantages with respect to the performed fretting fatigue
experiment. DIC is a full ﬁeld 3D displacement measurement tech-
nique while the clip gauge only measures the displacement
between two discrete points in one direction (1D measurement).
The advantage of DIC is that displacement is measured for an entiref the DIC setup.
Fig. 5. Experimental setup of the fretting fatigue test rig and the DIC setup.
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the local displacement of the test specimen and allows for separate
slip measurements at the left and the right contact. The DIC mea-
surement is three dimensional so the alignment of the specimens
and the pads can also be determined. Critical for the alignment is
the relative angle between specimen and pad around the y-axis.
This angle determines whether the contact is a perfect line contact,
an imperfect line contact or even a point contact (Hirsch, 2008).
Alignments of lesser importance are the relative angle around
the x-axis and the relative displacement in the z-direction. The
alignment and separate measurements of the left and right contact
cannot be obtained with a single clip gauge as used in this test
setup. The disadvantage, however, of DIC compared to the clip
gauge measurement is that it is much slower, respectively 1 Hz
compared to 1024 Hz. This can be compensated by slowing down
the experiment to 0.016 Hz. Also, the DIC measurement needs
post-processing while the clip gauge measurement is online. Both
reasons make DIC inadequate for control purposes while the clip
gauge signal can be used as a feedback signal for control purposes.
Both measurement systems require a thorough preparation of theFig. 6. Displacement measurement with 3 independent systems.specimens. For the DIC measurement one needs to apply a ﬁne
speckle pattern to the area of interest. The clip gauge measurement
requires two reliable measurement locations between which the
clip gauge can be installed.
The slip at both left and right contact were calculated from the
DIC images and are hereafter referred to as relative local displace-
ments. Three areas of interest are separately analysed: the left hand
side pad, the specimen and the right hand size pad, see Fig. 8. The
relative local displacement was calculated as the difference of dis-
placements (in y-direction) left and right of the contact. In order to
measure the relative local displacement in the contact while
excluding the elastic deformation of the surrounding bulk material
one needs to measure as close as possible to the contact (Kartal
et al., 2011). However, as mentioned above, the DIC analyses were
performed with a subset of 35  35 pixels so the displacements
ﬁelds are calculated up to 17 pixels (204 lm) from the edge of
the speckle pattern. The vertical displacements left and right of
the contacts (A1, A2, A3 and A4 on Fig. 10) were averaged
over an area of 0.94  0.94 mm2 to improve the signal to
noise ratio. A characteristic length of 0.94 mm was chosen sinceFig. 7. Vertical displacement ﬁeld [mm] during the calibration measurement.
Fig. 8. Contour plot of vertical displacement [mm] (cycle 1000, frame just before
onset of gross sliding).
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theory.
2.6. Calibration of displacement measurement systems
To gain conﬁdence in the two displacement measurement tech-
niques (clip gauge and DIC) a calibration experiment was per-
formed to compare these to the LVDT signal of the main
hydraulic actuator. A half dogbone specimen only gripped at the
upper clamp was translated without interaction of external loads
(e.g. pads). This gives rise to a rigid body movement of the
specimen.
The specimen was sinusoidally moved with peak to peak ampli-
tude of 0.50 mm at a frequency of 0.016 Hz. The data acquisition
was identical as explained in paragraphs 2.3 and 2.4.
The vertical displacements during two cycles measured with
three different systems are depicted in Fig. 6 and show an excellent
agreement. The difference in measurement frequency is also
apparent in Fig. 6. The LVDT and clip gauge measure approximately
64,000 points per cycle, while the DIC system measures only 60
points per cycle. Also note that the time between subsequent mea-
surements with the DIC camera was not uniform.
The DIC analysis of the calibration experiment was examined in
an area of 8.5  8.5 mm2. Fig. 7 illustrates the vertical displace-
ment contour plot on top of the speckled surface of the half dog-
bone specimen. Since a rigid body movement was applied to the
specimen, a uniform displacement ﬁeld is expected. However,
the obtained vertical displacement ﬁeld was not perfectly uniform.Fig. 9. Relative local displacements of the leA difference of 0.52 lm was determined between the minimum
and maximum measured vertical displacement. This difference is
attributed to both the DIC hardware and software and is therefore
deﬁned as the accuracy of the entire DIC system. Consequently, the
vertical displacement corresponding to every single image was cal-
culated as the average of the entire examined area of that frame.
Measuring the local slip distribution (–relative local displace-
ment) along the contact length is not possible with the current
DIC setup due to its measurement accuracy. The absolute measure-
ment error of the local slip (distribution) is at least
2  0.52 lm = 1.04 lm. Previous work (Hojjati-Talemi et al., 2013)
using ﬁnite element modelling showed that the maximum local
slip at the edge of the contact is 1 lm. Measuring the local slip
distribution (maximum 1 lm) with an accuracy of 1.04 lm will
not give useable results due to the low signal-to-noise ratio. Also,
the contact width (0.94 mm) is covered by only 78 pixels which
is limited to plot a distribution with sharp peaks.3. Results and discussion
3.1. Relative local displacement measurement via DIC
The measured relative local displacements of the left and the
right contact were not equal to each other. Fig. 8 indicates the ver-
tical displacement of cycle 1000 just before onset of gross sliding.
The vertical displacement of the left pad and right pad clearly show
a different value: A1 = 0.407 mm and A4 = 0.401 mm. The vertical
displacement of the specimen was also different at the location
of contact; A2 = 0.431 mm and A3 = 0.429 mm. The relative local
displacement at the left contact is thus 24 lm while the relative
local displacement in the right contact is 28 lm. For every mea-
sured relative local displacement of cycle 1000 there is a difference
between the left and right contact, see Fig. 9. The absolute differ-
ence of the relative local displacement amplitudes is maximum
(6.3 lm) at the highest fatigue load Ffat = 10 kN. Two reasons can
be given for the difference in relative local displacement. First,
the coefﬁcient of friction will be different for both contacts. Despite
the equal geometry, material, surface preparation and alignment it
is known that there is a large spread on friction coefﬁcients. Sec-
ondly, the tangential stiffness of the test rig can be slightly differ-
ent for the left and the right contact. This effect is unintentionally
but a result of tolerances, alignment, hysteresis and other mechan-
ical limitations.
Fig. 9 clearly shows the transition of the partial slip regime to
the gross sliding regime. During the initial loading stage (Ffat < 8.8
kN) the relative local displacements steadily increase from 0 lm toft and the right contact (at cycle 1000).
Fig. 10. Hysteresis loops (tangential force FT [N] in function of relative displacement [mm]) during fretting fatigue experiment.
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displacements jump to values of 141 lm and 146 lm. During fur-
ther overloading up to Ffat = 10 kN the relative local displacements
rise to maximum values of 157 lm and 163 lm.
Gross sliding occurs because local wear scar interactions are dis-
rupted. The contacts were embedded in each other during the last
900 cycles. The applied fatigue force and the stiffness ratio of the
specimen and springs give rise to local slip in the contact. The local
slip causes localwear and the local slip amplitude sets the localwear
scars length. The wear scars and asperities of the surfaces are inter-
locking with one another in a manner known as distributed local
interactions (Mulvihill, et al., 2011). During cycle 1000, a higher
fatigue force was applied to the specimen, leading to higher slip
amplitudes. This higher slip exceeds the local wear scar length and
results in a disruption of the interactions. The asperities of the sur-
faces are not embedded anymore inside the contact. Nonetheless,
thenewcontact ismadeofnon-embeddedparts. Therefore, themax-
imum transferable tangential force drops and the surfaces slip until
force equilibrium arises in the compliant system.
3.2. Hysteresis loops and friction results
Hysteresis loops of force vs. displacement (Fig. 10) were
obtained during the fretting fatigue experiment, and logged during
cycles 1, 10, 100 and 1000. The tangential force was measured by
the calibrated springs and equals the combined force for the left
and the right contact. The shown hysteresis loops depict the tan-
gential force FT for one contact (measured force divided by 2).
The slip for the hysteresis loops was measured in three different
ways: clip gauge, Wittkowsky and DIC for the right contact. As
described above, the slip measured with the DIC system is based
on two averaged areas (0.94 0.94 mm2) adjacent and symmetricalto the contact. The representative displacements of these areas are
laying 0.94 mm apart from each other and are symmetrically posi-
tioned with respect to the contact. The measured cycles were all in
gross sliding conditions (reasonably rectangular-like hysteresis
loops) due to overloading of the specimen. The following results
of the hysteresis loops focus only on the part of the loop where
the fatigue force increases from 1 kN to 10 kN.
For cycles 1, 10 and 100, there is a good correlation between the
hysteresis loops obtained by DIC and Wittkowsky calculations. The
hysteresis loop measured with the clip gauge shows larger gross
sliding displacements as compared to the other loops. Also, the
tangential contact stiffness (slope of the hysteresis loops during
partial slip conditions) is lower when measured with the clip
gauge. Both are due to the nature of the clip gauge measurement
which is remote and measures a considerable amount of elastic
deformation of the specimens. During gross sliding the tangential
force FT is very similar for all loops. With increasing number of
cycles the tangential force increases while the slip amplitude
decreases, see Fig. 11 (Magaziner et al., 2004).
During cycle 1000 there is a difference between the hysteresis
loop measured via DIC and Wittkowsky. The DIC measurement
gives lower gross sliding amplitude and a higher tangential stiff-
ness. During gross sliding with increasing fatigue load one can
observe a linear relationship between the tangential force and
the slip. This relation was measured by the clip gauge and is con-
sequently also visible in the Wittkowsky loop. However, the DIC
system did not allow measuring any data point during this sliding
part because the interval of gross sliding was less than one second
and fell just between two consecutive images captured with the
DIC cameras. After this ‘jump’ of gross sliding the specimen was
further overloaded causing the slip and tangential force to slightly
increase.
Fig. 11. Hysteresis loops measured via DIC for cycle 1, 10, 100 and 1000.
Table 2
Coefﬁcient of friction [–] at onset of gross sliding (with increasing bulk stress).
Cycle 1 10 100 1000
Coefﬁcient of friction [–] 0.15 0.39 0.68 0.78
J. De Pauw et al. / International Journal of Solids and Structures 51 (2014) 3058–3066 3065The sliding coefﬁcient of friction l was calculated by dividing
the tangential force at onset of gross sliding by the normal force,
Eq. (5). The values of the tangential force at onset of gross sliding
are identiﬁed manually from the hysteresis loops.
l ¼ FT
FN

onset gross sliding
ð5Þ
The coefﬁcient of friction is equal for the different hysteresis
loops (clip gauge, Wittkowsky and DIC) since they are composed
from the same tangential force FT. The coefﬁcient of friction
increases with increasing number of cycles (Table 2). During the
ﬁrst 100 cycles the coefﬁcient of friction increases rapidly. From
cycle 100 to cycle 1000 only a small rise can be seen, as shown
in Fig. 12. A good relationship between the coefﬁcient of friction
and the number of cycles is given by Eq. (6). The logarithmic rela-
tion is analogue to the one proposed by Szolwinski et al. (2000)
using similar ﬁtting parameters.
l ¼ 0:0957 lnðcyclesÞ þ 0:1684 ð6ÞFig. 12. Coefﬁcient of friction as a fuThe slip at onset of gross sliding measured by means of different
measurement techniques differ from each other (Table 3). Even
between the left and the right contact there is a quantiﬁable and
signiﬁcant difference measured via DIC. However, the slip calcu-
lated via Wittkowsky and the slips obtained via DIC are rather sim-
ilar, opposite to the clip gauge measurement. This is attributed to
the nature of the clip gauge measurement which is remote of the
contact while Wittkowsky and DIC are more focused on the slip
in the contact.
The last quantity derived from the hysteresis loops is the tan-
gential stiffness of the contact. The tangential contact stiffness is
an important parameter that affects the structural integrity and
the vibrational response of a contact. The tangential contact stiff-
ness is seen in hysteresis loops as the slope of the linear part of
the loop during the partial slip regime. The stiffness is obtained
for the rising slope of the hysteresis loops, i.e. with increasing fati-
gue load. The tangential contact stiffness was calculated by linear
regression though all data points in the partial slip regime. A linear
regression through the ﬁrst four points, as proposed by Kartal et al.
(2010), gives a less representative value of the tangential contact
stiffness for the obtainable measurement results.
As a function of the number of cycles there is no signiﬁcant var-
iation of the tangential contact stiffness. The tangential contact
stiffness measured with the clip gauge always shows lower values
compared to the other measurement techniques (see Fig. 10). As
explained previously, this is due to the nature of clip gaugenction of the number of cycles.
Table 4
Tangential stiffness [N/mm] measured with different displacement measurement
techniques.
Cycle 1 10 100 1000
Clip gauge 4577 5232 4656 4270
Wittkowsky 11,059 12,614 14,709 11,761
DIC 18,447 21,007 21,641 22,061
Table 3
Slip [mm] at onset of gross sliding (with increasing fatigue load).
Cycle 1 Cycle 10 Cycle 100 Cycle 1000
Clip gauge 0.182 0.046 0.104 0.106
Wittkowsky 0.287 0.132 0.028 0.060
DIC left contact 0.308 0.175 0.027 0.048
DIC right contact 0.278 0.167 0.071 0.047
3066 J. De Pauw et al. / International Journal of Solids and Structures 51 (2014) 3058–3066measurements. The tangential contact stiffness obtained via
Wittkowsky and DIC also vary widely, as tabulated in Table 4.
DIC measurements give a contact stiffness which is about two
times higher than the stiffness obtained via Wittkowsky. Comparing
the measured values with the ‘actual’ tangential contact stiffness is
not possible since the latter is unknown. The tangential contact
stiffness can be calculated on two different ways: analytical and
by ﬁnite element simulations. However, both calculations result
in too high values for the tangential contact stiffness compared
to the measurements. The analytical solution is an asymptotic
approximation that goes to inﬁnity at contact (Johnson, 1985). At
a distance of only 470 lm away from the contact we cannot con-
sider the result as trustworthy. A ﬁnite element simulation similar
to previous work (Hojjati-Talemi et al., 2013) is used to calculate
the tangential stiffness. The calculated value is much higher than
the measured values just as observed by Kartal et al. (2011). The
latter matched the numerical simulation with the measured values
by adding a compliant elastic layer in the model.4. Conclusion
This paper describes three experimental techniques to measure
slip during fretting fatigue experiments. Two traditional experi-
mental techniques to measure slip (clip gauge and Wittkowsky)
are compared to slip measurements performed via digital image
correlation (DIC). The latter measurement technique measures
higher tangential contact stiffness’s compared to the more conven-
tional measurement techniques. Also, the obtained slip amplitude
at onset of gross sliding is smaller when measured with the DIC
technique. These results are due to the nature of the DIC measure-
ments which measures the local relative displacement very close
to the contact. In contrast, the clip gauge measures the slip remo-
tely from the contact and measures a substantial amount of elastic
deformation of the surrounding test material. The slip calculation
developed by Wittkowsky et al. eliminates this elastic deforma-
tion; however calibration inaccuracies and nonlinear material
behaviour still cause an inaccurate slip measurement.
The digital image correlation technique allows measuring the
local relative displacement independently for the left and the right
contact. The performed fretting fatigue measurement gives a dif-
ference of more than 10% between the local relative displacement
of the left and the right contact.
Measuring the global slip with the DIC setup can be performed
closer to the contact as compared to the conventional sensors.
However, the ﬁeld measurement technique can only give onesingle slip value for the entire contact. It is not possible to measure
the local slip distribution along the contact with the current DIC
setup due to its accuracy. Therefore, a DIC setup is required with
a higher pixel density and a smaller ﬁeld of view.
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